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ABSTRACT

This research studies the synthesis and characterizetion of strongly polerizable,
extremely stable dispersions of magnetic media in a tiuid carrier. Such fiuids

containing particles in the size range 50 to 300 angstroms are produced by wet
grinding of ferrite powders in a tall mili. The fluias have a saturation
magnetization on the order of 100 gauss at a viscosity of 10 centipoise. The
viscosity may be reduced by a process of dialysis in which undersized material is
removed. Electrodeposition of iron into mercury yieids & magnetic colloid
characterized by a particle size of 50 angstroms, a magnetic moment as high as

TO0 gauss, and a viscosity wnich is shear dependent and ranges in the thousands of

centipoises. There is some evidernce thnat bismuth asdditive greatly recduces the
viscosity. A theoretical treatment recovers average size and standard deviatiorn
of particle size from magnetization curves.
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} NOTICE

This is the first of a series of quarterly reports under a contract witn the
National Aeronautics and Space Administration to provice research in the synthesis
and characterization of magneticalily polarizabie colloidal fluias.

\ Major personnel who participated in the effort this quarter were Dr. J.W. Nestor,
Dr. R.E. Rosensweig, Mr. N. Sheppard, and Mr. C. Panza.
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A. IWTROLD A OTION

This is the first of a series of gquarterly reports under s contract with tne
National Aeronautics and Space Alministration to provide r2cearch in the synthnesls
and characterization of ferrchyurodynamic Iiuids.

Ferrohydrodynamic fluids are Ongly poiarizable, exireme.y stabae rispersions of
magnetic media in a fluid carrier. in the presence of a non-unilorm marnetd
field these fluids experience an apprecisble body foroe and nence wive rise 1o os

number of unique fluid mecha Tlow pnencmenn. A U fiud mechanical
treatment has been givern- fnr Tiew of ;ct;u v T »rointersaetion
with thermal and magretic fiel Alother **nﬂ"k EVR(\dE ther onoinitivy of
a new means of direct erergy conversion that postu.atas

maznetizabie fluid whose magnetic moment i a Tunction

rather than solid worzing substance wns peciilieod
exchange operations that lead to & high preaictea

The key problem in the appli
development of satisfactory Cliuids.
structure in matter that is not found i 3 b
this research is directed to the production and stuay oI #Labie Ju.pansi
ferromagnetic particles in an appropriate liquid. Prior to err.bar:{.,.;b on tne
present program, Avco had demonstrated the apiiity to oyrtiesize such suspensions
by technigques which lead to the dispersion of collioida. size particles.

4 Pl O IR . P . -t TR Dae e Y
cation of mouynetic ILulids at The procent tine is the
Fer .

One means of preparing ferrofluid utilizes ball milling of solid charge (T{errite)
and carrier fluid (kerosene) in the presence of a suitable surfactant. The
resultant ferrofluid is electrically non-conducting and has a 10w thermal
conductivity as well. Another category of ferrolfiuids of interest woul.c ve
colloidal dispersions of magnetic metais in liguid metale wiich wonld have high

electrical and thermal conductivities. Amalgams of this 50Tt may be produced vy
electrolysis at a liquid mercury cathode to yield a suspension of submicron slze
insoluble magnetic particles.

The objective of this work is to synth2size arna characterize experimentally =n
theoretically the physical, chemical, and magnetic properti=s of fiulds haviny &
strong magnetic response and to define the properties and discover the .Laws ard
relations which govern these ferrofluids. Special effort will be made to achlev:
high magnetic moment simultaneous with high fluidity. Ultimate limits to the
magnetic strength of these fiuids consistent with their stability will be studi
theoretically and experimentally.
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1. Neuringer, J.L. and Rosensweig, R.E., Physics of Fluids, 196k, T, p. 1927.

2. Resler, E.L., Jr., and Rosensweig, R.E., A.I.A.A. Journal, 1964, 2, p. Iui™.




B. OVERALL PROGRESS

General

A laboratory devoted exciusively tc these rerrofiuia studies has been made
available and a portion of this guarters effort devoted to design, constructior,
and installation of equipment. Production of toth organic and metallic Terro-
fluid is underway and physical properties of some of the material was obtained.
Analysis of the date has been carried out where useful for orientation of the
progrem.

New Lavoratory Equipment

Ball mills are used in these studies in the wet grirnding of Territe powders to
reduce the particle size to the collioi Accordingiy, three U.S. Stoneware
bail mills were insta.led wnich current to rotate el ;"ht iuch long
stainless steel mill Jjars with baifles, each jar hf':ng u cap city of 1.63 znllons.
An scoustic enclosure was built and insta ; ce to a comfortable
level.

provides 17,000 gees arcce.eration. entrifuged Ziguid may be con
a process of vacuum evaporation. For tnis purpose two RInco rota
vacuum-type evaporators were installed together witn anciilary heating ©
cold traps, and vacuum pump. Easch evaporator has a volume of 1000 mi; .
These evaporators elimirate bumping and attendant hot spots and permit e
to occur more rapidly or at lower temperatures. They operate on the principie
of spreading a thin film over a large surface area and subjecting the film to a
reduced pressure.

Raw ground ferrite materisl is centr<fu:ed witn s Lourdes LTA-1 cent
ce cen

<
o
S
O

Two large electromagnets are now instailed in the laboratory wnere tney are
operated from a 50 ampere well regulated power suppiy. One magrel is a Hnrvey-
Wells with water cooled coils arnd four incn ciameter pole plece

constructed in-house and has 2 3/h ineh pole pileres wnich are holl
to accommodate removal of test specimens from a search ccil in measu
magnetization curves. Both magnets will produce rCielas iun excess of
Magnetization measurements are cone in conjunction with a Ieeas and Norrthrop
rotating mirror galvonometer and capsules to accommodate fliuid sampies are one
inch long by one-quarter inch diameter and one-half inch long by one-eignth lich
diameter. The magnetization measurements are calibrated against standaara pure
iron and pure nickel cylindrical samples.

T PR
R0 AL AO0TUES.

Magnetization measurements under low applied Tie.idas { € 100 oersted
done in a specially designed toroidal = ratus with uniform winaing
be filled to contain a fluid ring. Calibraticn against a standara i
due to the simple field geometry and there are no demagnitizatlion efi
apparatus is provided with water cooling to provide thermal control.

b




An electrolysis cell was constructed for the pre
colloid. The cell accormodates 50 to 150 miilil " in a fiat
pool which serves as a cathode for electrolysis gueous scolution. An
Armco iron anode having the sam= area 1s positioned avove the mercury surface
to produce a uniform current density. The mercury is agitatea by a stirrer
to promote formation of spherical particies and the cell is immersed in a
constant temperature bath.

aration of magnetic mercury
<

Viscosity determinations are done witn capililary tube viscometers of the
Ubbelohde type and these are immersed in ancther constant temperature bath.
Determination of higher viscosities an¢ characterization of non-Newtonian fluias
is performed with a Brookfield RV viscometer. OSpecial cylindrical spindles are
on order that will permit shear rate to be Known in terms of inverse seconds
rather than arbitrary units of RPM of spindle rotsation.
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C. EXPERIMENTAL AND THREORSTICAL RE5ULT

1. Organic Ferrofluia

.ao been ~cmp.etely p“foesaﬂa

o

One batch representing the output of threz mills

including three weexs of grinding, centrifugation and varuum evaroration. The

standard charge to each mill was 1250 milliliters 2rosene, 303 srams of
magnetite, and 150 miliiliters of oleic acia. The final product consisted of
1200 milliliters of magnetic fiuid having & magrnetization of 18 zauss at 116
cersted, L0 at CSO, 73 at 1920, 85 at 3950, 0.5 at 5300 and 43 af 5600 up to
10,Lk00. Its density indicatad a packing fraction of 3.3% and the viscosity was
slightly less than 10 centipoice. This materiasl Is a standard solution that
will be useful in further characterization and experimentation. Twice as much

materiael, in addition, is in process.

2. Metallic Ferrofiuid

Work has been initiated on tne preparation and characterization of marnetic
mercury emalfams. Data were cvtalned reogaraing the viseosity ana concentration
of the amalgams.

The results of various electrodeposition experiment: are | e
which the following sal:ent poirnts mey be ncied The material is more maznetic
T 2 colioid we nhave

by a factor greater than six compared to any
made. The amount of iron containe :
Faraday equivalents tc the total ¢
with the amount calculated from the
However, the content ot iron aetwrmin2da

f
)
®

a
ou
e 2 amalsam.
\Sung pycnor 2ter
TLAT simpie
additivity of volumes does not attain.

The magnetic mercury is separable into a manebtis poriicin and & non-magnetic

.

portion. The magnetic portion is very viscruis and usually displays a finite yle.d
stress. Thus the free surface of a smalil pool of the material may be dnforrp’
after which the material failc to resover is snap2. e TS the viscosiiy
with a Brookfield viscometer show P2 iscosity 15 smoothiy deecrea:

[ t
i

30 ¢t
oo

“’TJ
e
,
]
o
t
<

CO &
function of shear rate. Typical of the data are tne [0oLliowing measurensnts

chtained with EDI: /4" G0,000 centipoise at 2 RP¥, /(( = L0,00Q at h, /L( = 17,730 av

10, and./AL 11, 000 at 20 at room temperature using spiadie numbcr 5.
A bismuth amalgam was prepared by electrolysis from Bi(K05), - 5Ho0 in gilute nituric
acid using a platinum anode and 100 grems of mercuary, runfifig one ampere Jor a nalfl

i 5 [+ pPaLavaaa

hour. A portion of the material was acdea 1o naterial and
magnetically concentrate The product was y magnetic, emed TO nhave a LoW
viscosity and no longer displayed a yield siress as ment;onea atove. A sequernce
of experiments using EDk material resuited in & product more viscous than the

original. It is apparent that further study of the variables is needed.

O,




sonnd Oy - _Q ,wc Fo,: @ 3Ed0RE JO qusuow olqoulivd souruny va
(5dy - “H ) ) (TR - VH g ) sB voI3isusp Lanu[noe)  (8)
o;‘o.ﬁcﬂwo O IpoylIwBO amoo,ﬂ SSUNesy Avv
saroy g g0 dwuz G0 pus S1[OA § f1gd e 0%HE - CIoUS Yiim mm?::p v [e L{rusnbaeqng  (9)
LIq YToll QO EOA[OSSIp JO wtwwdd GG poaulwjuol  (Qq)
24 pus [@d 2dsoxs pojudjueducd ApiBopjoulew sdem cardums (1Y (®)

' ! s - . . . WN n o [N’ X

$3° 1 %31 m:.nH 096 60 o1 1 g1 C HL.'0S%d 599 AR Rie

e ———— . S USRS B . - : — ‘:1 _ ,

4 ¢ 0T E IR G RETET o0yt ¢ ct T 91 O HL. 0534 599 ¢ad
9071 05T 90° T 012 S N G| 0z o°HL- Tosad 99| g
08T S Cc'Hq

. IR A A ¢ c..
gee $6°9T | gLre | ssvwd 00§ A&l | 0§ e ez e g'e o%Hn.“1o°d EET| tad
z o : e : : 21 Moes ool
$6°9 O LT°ET 197 b n°t c 91 O7H.L. 0c°d 99 onom
$6° T oHt f ‘Arg | o-- 91 o%u.-Nogsd | 90 $'99| Taa
(a)
o0
000‘0T=H .
a8 (oo/ud) (1s810W) Lanoasy
T USWOR JUSLOK Ly1euag (utw) Amasmv U0 [48BJI3U80UC] Jo
o1qeufep | A3Tsum| AvpBaBy | O14euldwy | wuFrewy | swll | juaaamn) | 8381104 mL aqL104q008TH | 93LT0a303 1% sumTop | oTdueg
(3) (3) (P) (®)

SINSEY dEIVINDTIVO
DLTIOA A9 NOH1 LNHOHEd

SHIEVINVA QIHNSYEN

STI01IEVd NOHI A0 NOILISOdHIOHIOTIZ

1 JI9Vy




3. Size Spectrum of Ferriie Dispercicn

An electron micrograph of nickel zinc ferrite (Curie temperature 90-100°C
dispersed in kerosene and stabilized with oleic acid was examined to cete
the distribution of particle sizes. The aata were processed to yieid ?© (
the number distribution function which gives the fraction of particles wi
diemeters between D and D + dD per increment dD. Also obtained was fV(D), the
distribution function for particle volumes.

N

V}<€V(Z9cll>='/

5 (1)
/ﬁ (D)dD=1 (2)
o

The two distribution functions are reiated as foilows, provided tne particies are
all similarly shaped.

D> £, (D)

ﬁ(D): 0
[ D%h0dD
(o,

(3)

A simple exponential used to fit the data is of the following form;

&(D):ﬁ,(o}e“o/y (L)

where fN(D) and D* are constants. From Eq. (1) it is required thatv (D) - /0%
so that
%
/ - D/
ﬁb(Eg': £>* o
(5)

-8-
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The data gave a value of D = 65 awngstroms. This is the same as the number
average particle size Dy since

« oQ
— L 2
0, =/b£/(1>)d0:/ —[_)Q*‘ C_D/DO(D = D" (6)
o o

An analytical expression for fV(D) follows from (3) and (5) as

A —-’f C—D/D*
fy= D D2 L /p\P -Doh*
v = éD‘IO (E}E) c

®3 -2
fxc'c/x?
1>,

—~~
-1
—~

3 . - -~ 5
This function passes through & maximum at D = 3D, hence on tinis basis the typ;ca;
particle size appears to be larger than mignt be associatead w$tn a piot of fw\U).

The volume averaged particle size Dy is given by

vaC (D)dD = Df/ i D/D(,// %)= 40"

L
=

. ~ < L= PO X e -
Thus, while Dy = 65 angstroms the value of Dy = 200 A- for the sample studied.
) . & v

L. Particle Size and Distribution Related to Magnetization Curve

The particles in a ferrofluid as currently produced nave a distribution of sizes.
The following briefly desecribes a weans for analyzing magnetization data to
.

determine certain characteristics of the initially unknown distribution. Tae
results of a determination are aiso given.

The Langevin function L{a) describes the net aligrnment averaged over a coilection
of non-interacting particles of uniform size in response to an appiied fielia h

~

when subject to thermal disorientation at temperature 1.

S _ '1/'/43/‘/
L(a) = cotha~- 7 as = o)

-9-
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where v is the subdomain particle volume, Mg 1s the spontanecus magnetization
of a domain, i.e., the magnetic mcment per unit volume, and k is the Boltzmann
constant. In low fields this becomes

Mo VMK

t_—‘ (ﬁ‘\\\.

EMs  3AT s

where M is the bulk magnetic moment per unit volume and & the packing fraction
of magretic material. At the other extreme of high appiied fields one has
instead,

o = [ - < Fi o
My vy F (11)

For a ferrofluid containing a distribution of sizes des
function f(v) which specifies the volume of particles
per unit increment dv of particie size, the magnetizetion i1s given by the folilowin
integration over the distribution function as weignhted by tne Langevin function

VMsH A7 .
fﬁ(‘v’){ud AT Y Ms H }O/V- (22)

Thus for high applied fields, using (11) and carrying out the integretion one
obtains

M /

— 1 Lr
EMg " Fm

£T’x’ , A
" = 4

(13)

-10-
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where v = €VOV is the average volumc of a particle znd N is the total nunmter

of particles per unit volume. Thus if experimental data are piottec with Y.EMs
as ordinate versus 1/H, the tangent to the curve at 1/H equal zero will inters ot
the 1/H axis and thus define a cnaracteristic field Hh. The average particle
volume ¥ 1is then given by

HYMs

A corresponding treatment in the case of iow fields using (10) and (L) gives

M _ MHN — H

2

f— 1’8 = 7. -~z
EMg Hair 26 kT Hy (15)
where V2 is the mean square particle volume and the characteristic fielid /iﬂis
easily found from a graphical construction vased n/W%?ﬁ4g plotted versus H.
Accordingly, from (14), (1)) and ¥« ,
— 4T\2 / .
77 - 3( %) 5 (36
Ms 7 Ht HR

—_— —\ 2
The statistical variance of volume is given by 1f2-CV7 and nence from (14}
and (16) one obtains for the ratio of standard deviation to the mean,

R N oS
= = (3 7~ 1) - (17)

Mercury amalgam ED5 was analyzed according o the above princip.es With the
result that Hh = 345 cersted corresponding to d nera: agree~mont
with electron microscopy results where amalgam was contacted with 30% nydrogern
peroxide and examination made of oxidized particies which separated Srom Lhe

mercury. In addition the magnetization data defined a Tield A = LOD ocersiec
corresponding to a ratio of standard deviation to mean volume from (17) of 1.3.

53.5 AY in ge




5. Dialysis

The ferrofliuids as currently produced contain = distr Lut:
In the case of the ferrite containing fluids the particlies nave
na

S5.L228.

osorted on
their surface a layer of surfactant wnich gives the disyersion staviiity
1 have an amount of assorred

against coagulation. The smaliest particles wil

material which greatly exceeds in volume the volu

Accordingly, the viscosity of the bulx filuid w.I

material which may be crudely considered as ada: al £0.1d material in the

" mixture. Thus anything that can be done to remove the undersize mater.al from
the fluid should have the effect of reducing the viscosity.

il
b - 4 —~ . P ~F.5 s M
i te inrreased by this immobilized
1

During this quarter some experiments in dialysis have been made to test the

above hypothesis. Ferrofluid was placed in a spen 2sisned cylinaer
between two millipore filters of L7 mm. d:ameter oper. area of 1000 A°
closely sized holes. The cylinder is rotased in a “talner neiding Xerosens ani
a process of diffusion takes place in which smail . are transported out
of the cylirdrical cell at a faster rate tharn lar;e psartincies aue to +he

difference in diffusion rates. At the sane time Keracene diffuses into “he
ceil and dilutes the sample.

Ferrofluid which initially nan a derci
loading of 2.2%) and & viscosity o:
density of 0.824 and a viscosity of
the initial material was then d:u
0.825, and its viscosity determiiei

-12-
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A major problem in this investigation is to study means for reducing the
viscosity and increasing the magneti T 3]
given magnetic material the masnetization nmay be

i ing the
solids loading and this wiil a&lso invariably increase *the colloid viscosity.
Theoretical predictions are heipful for determining the viscosity_of a fluid

containing suspended particles. The earliest is that of Einstein3 which was
derived by solving the flow field of pure strain perturbed by the presence of

a sphere. The result related mixture viscosity//uj to solvent viscosit{/ub and
solids fraction 9& , ,

This relationship is valid only for small coacentrations such that the radius 71
of particles is small compared to the mean distance of sEp ration. For higher

e and assume a
functional relationship of the type:

L o ! (:9)
e /+adh +b g2 -9)

For very small values of 75 it i1s insisted that this equation reduce to Binstein
which thus determines a = -2.5. Al some concentraticnly%,indicative of cicse
packing the fluid mixture btecomes rigid and so the fluidity//azﬁus goes 1o
zero. This determines the constant © as:

é' —?-S-Sja_/ o

A

Hence the viscosity relationship ( /7 ) can be written as:

3 — Ao J —

/g'-#‘ :ﬂ.f%-\ 2 [ /967‘
S (21)

A

3. Einstein, Albert, "Investigations on the Theory of the Brownian Movement",
1956, p. 12 (New York: Dover Publiications, Inc.)
L. See Kruyt, H.R., "Colloid Science" 1952, Vol. T. p. 351 (New York: Blsevier
™»1ishing Co.)
-13-




DeBruyn used the value ?f = 0.7k correspording to hexagonal close-packed
spheres.,

For kerosene with 10% by volume of ferrite, Eq. (21) with f5 = 0.10 computas

/as,/ e = 1.31 whereas the measurea value for a mansanese zinc ferrite coliloid

prepared in our eariier WOrk is the m.cn hi:n r value o 1l.1 corresponding

to kerosene viscosity of 1.4 centipoise ana mixture viscosity of 17.8 centipoize.

It is reasonable to expect thalt the aasorced iayer oi oleic acid is eff=ctive
in increasing the rigid volume of the suspended particles_since the length of
an oleic acid molecule has been determined to be 11.2 A°. Uncoated spherical
particles of rasdius r, when present In such quantity as to give a volume
fraction € , wili, when coated with a uniform layer of thicxness,
occupy a8 fractional volume in the fluid of:

2

o
AW}
et

bec(rs) (

The foregoing equations may thus e combined to give the Following:

—
o0

Z
c

A

s e S /2r¢ =y, S\
6/&5 cj,f(/f“/‘) —‘———-‘—‘/(/7‘— )6

A plot of measured values of/ J;%%)/E/“s"ﬂrsus € sznou.d
and this is confirmed by our dsta. Furtnermores, the g
from the slope agrees with that deternined Trom the
Accordingly, one may calculate that il J/A cun e red
its present value it should ve possible to outain a fIuis
of magnetic material is the sume as a precernt (liuiaq,
viscosity is only one-terith oi the present vaiue; aiternai
viscosity the concentration would te “hree to tour times :
percent. Reduction in the ratio of & to T mi-nt be
d or increasing r. Detailed contiderations of stab ntion indicate that
reduction of & is not a promising approach. However, fiuid now producea
does contain a fraction of particles in the larger size range and hence It is
desirable to attempt their separation or increase their formation reiative to

other sizes

|534 1594 T .

'2ly, at the

Accordingly, it is planned to study tne nature of material ypeneratec in the
grinding process as a function of time with the objective of seexing
an optimum time to terminate the grinding. It is salso planned to vary

5. Taylor, H.5. and Glasstone, S. (Eds.), "A Treatise on Physical Chemistry

w

T

1951 Third Edition, Vol. II, p. 583 (wew York: D. Van Nostrand Company, Jn0->

-1k~
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the nature of the surfactant. TFurther dialysis studies L s
fractional centrifugstion wiil be considered as an alternate tecnnigue.

In the case of the mercury amalgams it is planned to vary particle size anc
study the effect on visgosity in a series of temperature aging runs. Based-
on the data of Luborsky~ (see his Fig. 3) it appears that successive one Gay

soaks at the indicated temperatures will give the corresponding particle sizes

as shown in Table II.

(]

AGING OF IRON-MERCURY COLLOID INITIAL DIAVETER = 50 A°

DAY TEMPERATURE DIAYETER 4}
1 RIGET ' 100 A°
2 18500 200 A° ‘
3 207°¢C 300 A°
L 2200C 400 A°
5 250°¢C , 600 A°

iomiath additive on
is, a number of other

ks
3
o=
-

oliow.ng metais do no

)
g
[e]
ct
O
4y
,

It is also planned to more carefuliliy study the ef
the properties of the mercury colloid. Foilowing t
metallic additives may be tried. TFor exampie, the t
form compounds with iron and have the Indicated soluvilities in mercury at
25 OC. They are lead (1.5 weight percent), cadmium (6 percent), indium (55

percent), and silver (.035 percent). The solubility of bismuth is 1.k percent.

6. Luborsky, F.E., "The Kinetics of Growth of Sphericai Iron Crystallites
in Mercury”, Jl. of Phys. Chem. 61, 1336 (1957).

-15~




INTE

REAL DISTRIBUTION

Material Sciences Department Filie - 3 copies

Copian
Coroniti
Ho{fman
John

Maiin

Mix

Nestor
heuringer
Rosensweig
Sheppard

m

Timmins




EXTERNAL DISTRIBUTION

NASA Headquarters
Attn: K. Thom

Code RRP

Washington, D.C. 20546

NASA Headquarters
Attn: 1. Schwartz
Code RRE

Washington, D.C. 20546

NASA Headquarters
Attn: A. G. Opp

Code 5G

Washington, D.C. 20546

NASA Langley Research Center
ttn: Macon Ellis

MPD Branch

Langley Station

Hampton, Va. 23365

NASA Goddard Space Flignht Center

W. Hess
Code 6LO
Greenbelt, Maryland 20771

NASA Langley Research Center
Attn: G. P. Wood

MPD Branch

Langley Station

Hampton, Virginia 23365

NASA Langley Research Center
Attn: R. V. Hess

MPD Branch

Langley Station

Hampton, Virginia 23365

NASA lewis Research Center
Attn: E. F. Callaghan
Electric Propuision Lab
21000 Brookpark Road

Cleveland, Ohio 44135

NASA Lewis Research Center
Attn: G. R. Seikel
Electric Propulsion Lab
21000 Brookpark Road
Cleveland, Ohio L4135

WASA Lewis Res
Attn: J. J. Re
Eie=ctric Propulsi
22300 Brooxpark R
Cleveland, COnio &
HASA lewis Research Center
ttn: Ww. D. Rayle
Electric Propuision Lab
22230 Brooxpar Road
Cieveland, COnio LLi3s

x] ;,

LARA Ames Research Center
T A. A. Stine

YISV N ,:L'f;ru i Y

Attrn: V. J. Rorsow

Trecratical Branth

MofTett Field, California GL0O35

earch Center
Attn: J. R. Spreiter
i

Theoretical Brancn
Moffett TField, California GkI35

Jet Propuicion Lavoratory
tin: A. Dratenahil

Section 32%

L& G

3) Osr Grove Drive
California G1.03

Jet Propalision Laboratory
ttn: D. R. Bartz
Section 7
L300 Oax Grove Drive
Pasadena, California 91103

\_A).

L

il3ion Laborator i
. Maxworthy
cTLO0 327

K. Boyer
05 Alamos Scientic Laboratory
Los Alamos, New Mexico

Fiela, California GLD35




EXTERNAL DISTRIBULTION

A e Y
Llvi divddba )

J. A. Fay

Dept. of Mechanical Engineering
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

E. Soehngen
ARN
Wright Patterson AFB, Ohio

R. G. Jahn
The James Forrestal Research Center
Princeton, New Jersey

NASA Lewis Research Center
Attn: W. Moeckel

21000 Breookpark Road
Cleveland, Ohioc Lh135

A. Busemann
University of Colorado
Boulder, Colorado

K. Rosenwald
Naval Research Laboratory
Washington, D.C.

E. H. Holt
Rencselaer Polytechnic Institute
Troy, New York

0. K. Mawardi
Case Institute of Technology
Cieveland, Ohio

A. B. Cambel
Northwestern University
Evanston, Illinois

J. Malmberg

General Atomic Division
General Dynamics Corporation
San Diego, California

R. T. Schneider
Allison Division
General Motors Company
Indianapolis, Indiansa

R. Lovbers
oohns Hopzins Joiversity

Lajollia, Caiifornisa

Atomic brnergy Commission
Tecnnical Information Service
Germantown, Maryland

f. M. Slawsky
AFGSR

Wasnington, 2.C.

Dr. Ralpn Roberts
OXR

new Technology Representative

CTode AU

Netrional Aercneutics and Space Adminletratlon
Weshington, D.C. 20546

Kepresentativ?

el et A A A ara Sy Administration

WeLionas AeTrOonaatLiod ana opace OmanlsLratitn

T ~ 4 SR c i~

Post Office Hox
.

Retneca

s o
iy it

YA e Tand
Piula allG o aasri

F

Lonmew . Lilc Muter!

Renearch and Tech

Wrignt-Patterson

Attn: Kennetn A. Duvis, Capt., USAS
Institute for Derense Analysis

Attn: Rovert . Hamilton

Reocarcen and Engineering Support Division

LOO Army-lavy Drive
Arlington, Virginia 22202




